Washed red blood cells (RBCs) are indicated for immunoglobulin A (IgA) deficient recipients.
| I N TR ODU C TI ON
Selective immunoglobulin A (IgA) deficiency is the most common immunodeficiency disorder worldwide (with estimated incidence ranging from 1 in 400 to 1 in 18 500, depending on location). [1] [2] [3] The deficiency is defined as a level of IgA in serum less than 0.05 mg/dL, in the presence of normal levels of IgG and IgM, in persons older than 4 years of age. 4 Most IgA-deficient individuals (85%-90%) are asymptomatic, and therefore their condition often goes unrecognized. 5 When transfused with stored red blood cells (RBCs) containing IgA from residual plasma, however, these patients may develop anti-IgA antibodies resulting in a severe allergic (anaphylactic) reaction. 6 The number of severe allergic reactions is estimated at 1 in 20 000 to 1 in 47 000
transfusions annually, 7 representing a serious potential risk to patients and a significant challenge to transfusion medicine services. IgA below 0.05 mg/dL. [9] [10] [11] Washed RBCs are also recommended for patients who have high potassium levels or renal failure, 12 to prevent recurrent febrile reactions when transfusing leukoreduced blood products, 13 and for transfusions to neonatal recipients if fresh units are not available. 14 Additionally, data from a recent pilot randomized trial suggests that transfusion of washed RBCs may improve outcomes in acute myeloid leukemia. 15 Washing of stored RBCs is performed by mixing the RBC unit with a large volume (1-2 L) of normal saline, and then pelleting the cells via centrifugation to remove the supernatant.
lose 10%-20% of the initial RBCs in the process, increasing the overall number of units needed for transfusion. 21 Furthermore, a single washing cycle using the centrifugation-based methods is often unable to reduce the level of IgA below 0.05 mg/dL, thus two washing cycles may be required to meet the transfusion guidelines for IgA deficient recipients. 10, 22, 23 Here, we describe the development of an easy-to-use, inexpensive, portable, and disposable system capable of washing stored RBC units at practical throughput without the use of centrifugation, while reducing 
| Blood samples
RBC units (CPD > AS-1, leukoreduced, storage duration 39-42 days)
were purchased from the Gulf Coast Regional Blood Center (Houston, Texas) and stored in a blood bank refrigerator (Helmer iB111, Helmer Scientific, Noblesville, Indiana) at 28C-68C until use. Prior to sampling, RBC units were inverted gently by hand to ensure samples were wellmixed. All experiments were performed at room temperature unless stated otherwise.
| Washing procedures
For each experiment, a 30 mL sample was withdrawn from an RBC unit and re-suspended in normal saline at 1:5 ratio to dilute the samples to a hematocrit between 10 and 15%. (Dilution to a hematocrit of 10% corresponds to the dilution used in the conventional, centrifugation-based washing procedure performed with 2000 mL of saline per 350 mL RBC unit with a 60%-65% initial hematocrit). 24 50 mL of the diluted RBC sample was then passed through the prototype blood washing system using a programmable syringe pump (NE- 
| Measurements of washing quality
The quality of washing was assessed by measuring several key parameters for the untreated, diluted, waste (washing solution), and washed 
The deformability of RBC samples was assessed using an ektacytometer (LORRCA, Mechatronics, Zwagg, The Netherlands), and by measuring their ability to perfuse an artificial microvascular network (AMVN) as previously described. [25] [26] [27] Biochemical parameters, K 1 and glucose, were measured using a handheld blood analyzer with a corresponding cartridge insert (i-STAT, Abbott Laboratories, Abbott Park, Illinois). ATP levels were measured using a bioluminescent somatic cell assay (Sigma-Aldrich, St. Louis, Missouri). Commercially-available enzyme-linked immunosorbent assays (ELISAs) was used to determine the levels of IgA (Affinity Biologicals, Hamilton, Ontario, Canada). Total free protein was measured using a Pierce 660 nm protein assay kit (Pierce, Fisher Scientific Inc., Pittsburgh, Pennsylvania). Necessary absorbance measurements for each assay were made using a plate reader (SpectraMax M5, Molecular Devices, Sunnyvale, California).
| Statistical analysis
Statistical significance (P < .05) of the differences between the two different washing methods was assessed using the paired two-tailed Student's t-test. Values were expressed in terms of means 6 standard deviation.
| R E SU LTS
3.1 | Design and operation of the prototype washing system Figure 1 shows the prototype washing system, which was designed to implement a two-stage approach to RBC washing by (1) washed RBCs also showed a maximum of 22.6 6 1.9% at a flow rate of 300 mL/hour ( Figure 2C ). We therefore chose 300 mL/hour as optimal flow rate for operating the prototype washing system. (For RBC suspensions with hematocrits higher than 10%, the output hematocrit of washed RBCs remained relatively unchanged at about 20%-25%, while the hematocrit of the washing waste increased with increasing input hematocrit.)
To increase the hematocrit of washed RBCs further, we engineered a membrane-hydrogel composite to soak up the excess of suspending medium from the suspension of washed RBCs. For this proofof-concept study, we selected a biocompatible, cross-linked, poly-(acrylic-acid) polymer based hydrogel that is capable of encapsulating large quantities of water, 31 and is well known to be nontoxic and widely used in various pharmaceutical and biomedical applications. Supporting Information Table S1 shows the effect of washing in the prototype washing system on the properties of stored RBCs. Diluting the sample of stored RBCs with saline significantly reduced the osmolality of the suspending medium, from about 360 mmol/kg in the original RBC unit, down to 285 mmol/kg after the coiled tubing, and to a slightly higher value of 300 mmol/kg after the exposure to the membrane-hydrogel composite. The changes in MCV generally trended with the osmolality changes. Expectedly, the fraction of well-preserved (discocytes, echinocytes 1) cells in the sample increased from 52% to 68% after the passage through the coiled tubing, declining slightly down to 63% in the concentrated sample of washed RBC; the fraction of poorly-preserved cells followed an opposite trend. Washing significantly reduced the fraction of RBC ghosts (from 1.5% to <0.5%), hemolysis (from 1.54% to <0.60%), free hemoglobin (from 6.59 mg/mL to <1.7 mg/mL), total protein (from 10.01 mg/mL to 1.24 mg/mL), and Table S1 ).
3.2 | Comparison of the washing efficiency between the prototype washing system and centrifugation Table 1 summarizes the comparison of the prototype of our centrifugation-free washing system with that of washing performed using conventional centrifugation. Stored RBCs were diluted to 10%
HCT with normal saline and either passed through the prototype washing system at 300 mL/hour, or centrifuged to remove the excess supernatant. The prototype washing system produced washed RBCs with a lower HCT (43 6 3%) than centrifugation (78 6 1%), which exceeded even the HCT of the original RBC units (68 6 7%). We also tracked the number of cells in each sample throughout the washing process to calculate the percent recovery, and found that both methods performed about the same (86 6 7% recovery for prototype washing system and 89 6 7% for centrifugation). Overall, washing performed by either of the two methods substantially reduced hemolysis, lowered the concentration of free Hb (by >4-fold) and total free protein (by >10-fold), while keeping PS-exposure and the intracellular ATP unchanged (Table 1) .
Most importantly, the prototype washing system reduced the concentration of IgA by >10-fold (from 0.23 6 0.05 mg/mL to 0.02 6 0.01 mg/mL), while centrifugation-based washing produced only a 2-fold reduction of IgA (to 0.10 6 0.04 mg/mL), with all differences being statistically significant (P < .05). Furthermore, centrifugation-free washing significantly increased the fraction of well-preserved cells (discocytes, echinocytes 1) from 66 6 11% in the original RBC units to 73 6 7% after washing, while centrifugation-based washing had an opposite effect, reducing the fraction to 61 6 7% (Table 1) . These changes in morphology, however, did not translate into corresponding changes in the rheological properties of washed RBC suspensions. Washing via centrifugation increased the AMVN perfusion rate from 0.135 6 0.017 nL/s in the original sample to 0.151 6 0.025 nL/s in washed sample, while the prototype washing system increased the perfusion rate to only 0.140 6 0.021 nL/s. The elongation index (EI), measured using ektacytometry at 3 and 30 Pa, did not show any significant (P < .05) difference between the two separation methods (Table 1) .
| D I SCUSSION
Washing is performed by effectively diluting the 60%-70% hematocrit suspension of stored RBCs with a large volume of normal saline down to about 10% hematocrit, and then removing the excess of the suspending medium (a mixture of storage medium and saline) via centrifugation, and thus concentrating washed RBCs back to a hematocrit suitable for transfusion. The prototype washing system described in this study was designed to accomplish this task in two steps-first, by removing about half of the suspending medium in the coiled tubing (hematocrit increase from 10% to about 20%), and then by soaking up about a half of the remaining suspending medium into a membranehydrogel composite (hematocrit increase from 20% to 40%-45%).
Dilution of stored RBCs with normal saline elevated hemolysis from 1.54% in original sample to 1.71% in diluted sample, causing a sharp increase in the fraction of RBC ghosts (from 1.5% to 3.7%, respectively) (Supporting Information Table S1 ). This increase in hemolysis was likely due to the substantial reduction in osmolality (from about 360 mmol/kg before, down to 280 mmol/kg after dilution), and the corresponding swelling of the cells which led to selective lysis of spherocytes, as we described in a previous study. 34 We performed washing by mixing stored RBCs with saline, promptly running the suspension through the prototype washing system, and then analyzing the samples immediately thereafter. Highly elevated hemolysis (4.40%), free Hb (3.02 mg/mL) and the fraction of RBC ghosts (5.5%) in the sample of RBCs remaining within the system after washing ("dead volume" sample) relative to the diluted sample (1.71%, 1.60 mg/mL, and 3.7%, respectively; Supporting Information Table S1 ) suggests that RBC lysis occurred throughout the duration of the washing process.
The much lower concentration of free Hb in the washing waste (0.82 mg/mL) than in either diluted (1.60 mg/mL) or washed (1.69 mg/ mL) samples also suggests that lysis of the most fragile cells was not completely finished after the initial mixing of stored RBCs with saline, but instead proceeded on a much longer time scale in all samples. Values shown are mean 6 standard deviation (n 5 8). a Indicates statistical significance (P < .05) compared to the initial sample. b Indicates statistical significance (P < .05) between the two different washing methods.
Therefore, the prototype washing system could be improved further by including a holding reservoir for incubating stored RBCs with saline longer before passing the suspension through the coiled tubing separator.
Washing waste had the highest fraction of RBC ghosts (8.4%), but the lowest hemolysis (0.18%) (Supporting Information Table S1 ), suggesting that ghosts in washing waste were not generated by lysis of cells in that sample, but rather were separated from washed RBCs during passage of the diluted sample through the coiled tubing, as intended. In addition to increasing hematocrit of the sample, contact of washed RBCs with the membrane-hydrogel composite further reduced the concentration of free Hb (from 1.69 mg/mL to 1.21 mg/mL) and, importantly, of IgA (from 0.045 mg/mL to 0.027 mg/mL) (Supporting Information Table S1 ), suggesting that the membrane-hydrogel composite was also capable of adsorbing at least some of large macromole- Our prototype washing system was able reduce the level of IgA to well below this threshold, while conventional centrifugation could not (Table   1 ). Previous studies have also shown that at least two cycles of centrifugation-based washing are often required to reduce IgA below the level suitable for IgA-deficient recipients. 22, 36 The need to wash RBC units twice increases the loss of RBCs through the washing process, and elevates the overall cost of the procedure. Therefore, our finding that the prototype washing system could in a single washing cycle deplete
IgA from stored RBCs to an acceptable level is highly significant.
Washing performed by either of the two methods reduced hemolysis and free Hb concentration significantly; although both hemolysis and free
Hb were lower for the prototype washing system, the differences between the two methods were not statistically significant (Table 1) . Previous studies have suggested that centrifugation-based washing may subject stored RBCs to excessive mechanical stresses, causing additional hemolysis and subsequent release of Hb into the suspending medium, 18, 37 which may lead to adverse outcomes upon transfusion. [38] [39] [40] [41] [42] The current prototype of the washing system operated at a flow rate of 300 mL/hour to produce a suspension of washed RBCs with an output hematocrit of about 43%, and a cell recovery of about 86% (Table   1 ). While cell recovery was on par with that of conventional centrifugation (89%) and at about the same level as reported for automated cell washers, 17, 36, 43 the product hematocrit was significantly lower than in the original, unwashed RBC units (68%) and in samples washed via centrifugation (78%). However, the output hematocrit of washed RBCs produced by our system could be adjusted by modifying the membranehydrogel composite to change the size of the pouch or the amount of hydrogel ( Figure 3B ). Further development of our centrifugation-free washing system must also include additional improvement of the volumetric throughput. A typical transfusion of an RBC unit to an adult patient in a nonemergency setting takes approximately 2 hours. 35 Although throughput of the current system represents about an order of magnitude improvement relative to our previous work, 44 washing a whole unit of RBCs diluted down to 10% with saline in the current prototype of our washing system would still take up to 8 hours. The throughput of our prototype washing system, however, could be increased simply by operating multiple coiled tubing separators ( Figure   1B ) in parallel (eg, a washing system containing 8 separators could process a full-size RBC unit in less than 2 hours). Lastly, the prototype washing system described in this study was "open" because washed RBCs in the conical tube containing the membrane-hydrogel composite were exposed to ambient atmosphere ( Figure 1B ). However, because of its simple, flow-through design and lack of any mechanical moving parts, our washing system could (with further development) be adapted into the disposable, fully "closed system" format, thus significantly reducing the risk of potential contamination.
In this study, the prototype washing system was able to improve morphology of washed RBCs significantly, by increasing the fraction of well-preserved cells on average by 7% (from about 66% in the original units to 73% after washing), while proportionately reducing the fraction of poorly-preserved cells (Table 1 ). This improvement in morphology, however, produced only a minor (although statistically significant) improvement of the ability of stored RBC to perfuse the AMVN (4%), and an even less significant improvement of the elongation index (EI) at low shear (1%) and virtually no change in EI at high shear (Table 1 ). In a previous study, we found that by changing shape of all RBCs within a suspension from discocyte to spherocyte (induced artificially by exposure to sodium salicylate) we could reduce the AMVN perfusion rate by about 30%. 45 We may expect, therefore, that by converting 7% of all RBCs in the sample from spherocytes to discocytes we would improve the AMVN perfusion rate from 0.135 nL/s to about 0.138 nL/s. The AMVN rate of 0.140 nL/s measured for the washed sample agrees reasonably well with the predicted value, particularly given the fact that even the initial dilution of the original RBC sample with saline appears to destroy a substantial fraction of the most spherical, least deformable cells (Supporting Information Table S1 ).
Interestingly, although centrifugation-based washing had an opposite effect on RBC morphology actually reducing the fraction of wellpreserved cells (Table 1) , it produced a much more substantial improvement in the AMVN perfusion rate (12%), which is in good agreement with our previous studies. 34, 44, [46] [47] [48] [49] Centrifugation-based washing subjects stored RBCs to mechanical forces that are likely to cause selective lysis of most fragile cells, in addition to hemolysis due to the dilution of the original sample with saline (see Supporting Information Table S1 ). 53 or a blood salvage/auto-transfusion device 17, 19 ) that may be unavailable outside of well-equipped major hospitals. This proof-of-concept study demonstrates that centrifugation is not necessary for washing stored RBCs, and that a prototype of a simple, lowcost, disposable, centrifugation-free washing system could effectively wash stored RBC while reducing the level of IgA to a level nearly 5-fold lower than centrifugation. That is a particularly significant finding because the ability to reduce IgA in stored RBCs in a single washing cycle could enable operation of the washing system in line with existing infusion equipment at bedside, dramatically reducing the logistical overhead associated with centrifugation-based washing. Additionally, the simplicity of our approach would eliminate the need for trained personnel currently required for programming and operating the centrifugation-based washers, potentially reducing the associated risk of human error. Finally, a disposable, equipment-free washing system operating in the "closed system" regime could be an attractive alternative in remote and/or resource-limited settings, where conventional centrifugation-based cell washers are unavailable.
